By introducing a feedback path in the conventional droop control loop of islanded microgrid, the voltage amplitude and frequency restoration can be effectively achieved by using the secondary control. However, the usage of low bandwidth communication (LBC) links, the communication delays and the underlying data drop, would increase the system complexity and reduce its reliability. In our previous studies, it is found that the voltage and frequency deviation of islanded three-phase microgrid in synchronous reference frame can be restored by utilizing a band-pass filter (BPF)-based improved droop control strategy, without any communication lines and additional control loops. For more general scenarios, the BPF-based droop control scheme is first extended to islanded single-phase microgrid in hybrid frame in this paper to achieve deviation restoration. Moreover, the dynamic stability of the studied system is addressed by the derived reduced-order small-signal model in this paper, which simplify the modeling process and theoretical analysis. Followed by the system model, the impact of system parameters variation on the stability and dynamic performance of the microgrid are subsequently predicted by applying the eigenvalue-based analysis approach. Consequently, the analytical results show an overdamped system with good stability and robustness against system parameters drift. Finally, the effectiveness of eigenvalue analysis is verified by simulation results, and the experiment results are provided to further validate the feasibility of BPF-based droop control method in islanded single-phase microgrid.
I. INTRODUCTION
With the increased penetration of distributed generation (DG) units, the inverter-dominated microgrid is drawing more and more attention to promote the utilization of renewable energy, which moderates the dependency on fossil fuels. The microgrid can be operated both in grid-connected and standalone modes attributed to its control flexibility [1] . In an islanded microgrid, the droop control is capable to realize power sharing among parallel DG units The associate editor coordinating the review of this manuscript and approving it for publication was Madhav Manjrekar. by imitating the external characteristics of synchronous generators [2] - [4] .
The conventional droop control based on local measurement is simple implementation and low cost due to the absence of communication links [5] . However, the droop control is subjected to the steady-state error when the load is abruptly changed, since the output voltage amplitude and frequency of inverter deviate from their rated values [6] . Accordingly, a supplemented secondary control strategy can be adopted to restore the voltage amplitude and frequency deviation caused by conventional droop control [7] - [13] . In [10] , with the hypothesis of a low-voltage microgrid, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ a consensus-based distributed secondary control is introduced to improve the accuracy of voltage regulation. In [11] , a distributed model predictive secondary voltage control is utilized to reduce the convergence time of voltage amplitude. Besides, a distributed secondary voltage control based on RBF-neuralnetwork sliding mode technique is designed in [12] to diminish the voltage fluctuation in the process of voltage regulation. Further, a distributed noise-resilient secondary voltage and frequency control is proposed in [13] for deviation restoration, with the consideration of additional noise disturbance in measurement. Yet, although the robustness and stability of system are enhanced by means of aforementioned improved secondary control, the reliability of microgrid is still affected by the usage of communication lines. Moreover, the slightly different time signals among inverters resulting from clock drifts [14] , [15] , the uncertain communication delays [16] , [17] , underlying data drop [18] , [19] and even communication failure [20] may also cause unreliable operation of microgrid.
Recently, a washout filter-based droop control strategy is proposed in [21] to repair voltage amplitude and frequency deviation, without any communication lines and additional control loops. Further, a washout filter-based power sharing method is combined with a model predictive control (MPC) in [22] , where the MPC is employed to stabilize the dc-bus voltage for improving power quality. Actually, the equivalence between the ideal secondary control and the washout filter-based control has been manifested in [23] , and the washout filter-based droop control can be regarded as a BPF-based improved droop control. Whereas the previous research in [23] is based on three-phase systems in dq-frame, and the feasibility of BPF-based droop control has not been explored in single-phase microgrid controlled in hybrid frame. Furthermore, the full-order model of complete microgrid in [23] is time-consuming for modeling process, and the dynamic stability of microgrid using BPF-based droop control has not been adequately explored. To make the BPF-based droop control method more general both in three-phase and single-phase microgrid, the application of BPF-based droop control in single-phase microgrid is reported in this paper, and the stability and dynamic performance analysis in this scenario is also fully investigated.
As for modeling the inverter-based microgrid, note that, the microgrid is a complex system including multiple timescale control interactions, thus the detailed full-order model is computationally expensive due to its high-order characteristics [24] . Therefore, it is necessary to perform reasonable model order reduction to facilitate subsequent theoretical analysis, and the relevant studies have been published for solving this issue. In [25] - [28] , the fast and slow timescale state variables are separated by using singular perturbation method, which implements model order reduction with the neglection of fast states. In [29] - [31] , the model order of microgrid is reduced using aggregate equivalent model with the assumption of similar dynamical inverters. In [32] , [33] , the Kron reduction is utilized to simplify system model. However, the full-order model of system is originally required before executing the aforementioned model order reduction, which increases the complexity of modeling process. Fortunately, it has indicated in [24] and [34] that, the fast states of inverter are mainly related to inner control loops and inverter output filter, and the slow states are correlated with outer droop control loop and dc-link capacitors. Specifically, the model order reduction is achieved by neglecting internal fast states of inverter in [35] - [37] , which is the basis of model order reduction in this paper.
The preliminary results of this paper were presented in [38] . However, only the active droop control coefficient, the cutoff frequency of high-pass filter (HPF) and the load resistance are taken into account in [38] , and the impact of the parameter variation on the stability and dynamic performance of the system was considered separately. Hence, this paper aims to extend the theoretical analysis to the multiple parameters variation scenarios by using eigenvalue-based analysis approach. Correspondingly, the simulation results are presented to confirm the effectiveness of eigenvalue analysis, and the feasibility of the BPF-based droop control method in islanded single-phase microgrid is further verified by means of experiment. The main contributions in this paper are summarized as follows:
1) The BPF-based droop control approach is first extended to single-phase inverters with synchronous reference frame (SRF) voltage control, and the feasibility and effectiveness of this method in islanded single-phase microgrid are confirmed by experimental results. Compared with conventional droop control, the voltage amplitude and frequency can be effectively restored to reference values in case of load changes, without any communication lines and additional control loops.
2) The reduced-order small-signal model of standalone single-phase microgrid with BPF-based droop control is derived, and the impact of system parameters shifting, including the active and reactive droop control coefficients, the bandwidth of BPF and the load resistance, on the stability and dynamic performance of system are analytically predicted by using eigenvalue loci of the system matrix, which provide a basis for the selection of system parameters. The rest of this paper is organized as follows. Section II derives the reduced-order small-signal model of islanded single-phase microgrid with BPF-based droop control scheme. In Section III, the stability and dynamic performances of microgrid system are predicted by using the established system matrix model. Besides, Section IV provides the simulation and experimental results to verify the effectiveness of eigenvalue analysis and BPF-based droop control in a single-phase microgrid, respectively, and Section V concludes this paper. 
II. SMALL-SIGNAL MODELING OF THE STUDIED ISLANDED SINGLE-PHASE MICROGRID
The block diagram of studied islanded single-phase microgrid in hybrid frame with the BPF-based droop control method is shown in Fig. 1 . The main circuit includes the inverters, LC filters, line impedances and a resistive load connected as a common bus. Note that, the output power of inverter is filtered by a BPF in this paper instead of a low-pass filter (LPF). Moreover, a proportional integral (PI) controller is adopted for synchronous reference frame (SRF) voltage control, which realizes the zero steady-state error tracking of AC signals.
In order to implement the stability analysis of islanded single-phase microgrid system, a reduced-order small-signal model of the system is derived in this Section, which consists of two parts, including the active and reactive power of inverters and the BPF-based droop control loop.
A. SMALL-SIGNAL MODEL OF ACTIVE AND REACTIVE POWER
When the islanded microgrid composed of two parallelconnected single-phase inverters operating in the steadystate, the inverters can be equivalent to ideal voltage sources seen from the filter output terminal. Each inverter can be described by its line current and terminal states, such as voltage amplitude, phase and angular frequency, neglecting the internal states of inverter [37] , thus the equivalent circuit of islanded single-phase microgrid can be denoted by Fig. 2 .
In Fig. 2 , the V m1 and V m2 are the amplitudes of inverter output voltage v o1 and v o2 , respectively, the δ 1 and δ 2 are the phase deviations between the inverter output voltage and the load voltage, and V mz is the amplitude of load voltage. Moreover, the Z t1 and Z t2 are the line impedance between the filter output terminal and the common load, and Z load and i load are the load impedance and load current, respectively. In order to simplify the theoretical analysis, it is assumed that,
Generally, the amplitude and frequency of the inverter output voltage are utilized to implement droop control. Hence, the phasors of voltage and current are represented by their own amplitude and phase to facilitate the following small signal modeling and theoretical analysis. In this way, the phasor of output current i o1 of inverter 1 around the steady-
where |Z t | and θ t are the magnitude and phase angle of the line impedance, respectively, and the subscripts 'e' represents the steady-state values of variables. Similarly, the phasor of output current i o2 of Inverter 2 in the steady-state can be described aṡ
Meanwhile, as shown in Fig. 2 , equation (3) can be obtained according to Kirchhoff's voltage law (KVL) and voltage-current relationship.
where Z load is selected as a purely resistive load, Z load = R load , i.e., θ load = 0.
Substituting (1) and (2) into (3), the magnitude of load voltage can be given as
Hence, by combining (1)-(4), the output active and reactive power of Inverter 1 and Inverter 2 can be calculated as
Due to uncertain small-signal disturbances around the steady-state operating point, the linearized models of (5)- (8) can be obtained as
where the symbol represents the small-signal deviation of the variables relative to the steady-state operating point.
B. SMALL-SIGNAL MODEL OF BPF-BASED DROOP CONTROL LOOP
It is noteworthy that, the dynamic performance of system is dominated by the outer droop control loop due to its much lower control bandwidth than that of inner voltage and current control loops, that is, assuming no mutual coupling between outer and inner loops, thus the impact of dual-loop controllers on system dynamics can be neglected [35] , [36] . In this case, the inverter can be regarded as an ideal voltage source [35] , [37] , i.e., the reference voltage synthesized by BPF-based droop control is equal to the actual output voltage of inverter. Specifically, the linearized model of power loop with BPF-based droop control is shown in Fig. 3 . Commonly, the low-pass filter (LPF) is employed to measure the output power of inverter. Moreover, the highpass filter (HPF) can suppresses the DC component and passes the transient component of signals [21] , and it also makes the system more robust at the steady-state operating points [21] , [39] .
It is assumed that, the cutoff frequencies of the LPF of two inverters are consistent with each other, thereby the linearized model of active and reactive output power of inverters measured by LPF in s-domain can be denoted as
where ω cl is the cutoff angular frequency of LPF. Transforming (13)-(16) into the time-domain, these equations can be rewritten as
According to Fig. 3 , the dynamic models of voltage and frequency controllers can be obtained as
where m p and n q are the droop control coefficients of active and reactive power, respectively. With respect to Inverter 1 and Inverter 2, we can transform (21) and (22) into time-domain, which can be modified as 
where ω ch is the cutoff angular frequency of HPF.
In addition, the angular frequencies of Inverter 1 and Inverter 2 can be expressed by the first-order derivative of phase as
By combining (17)- (20) and (23)-(28), the small-signal model of the studied islanded single-phase microgrid with BPF-based droop control method can be derived as
where X and A are the state vector and system matrix, respectively, which are shown in Appendix. Based on the established small-signal model in (29) , the stability and dynamic performance of microgrid are analyzed by using eigenvalue analysis method in Section III.
III. STABILITY AND DYNAMIC PERFORMANCE ANALYSIS OF MICROGRID
In this Section, the stability and dynamic performance of microgrid are predicted by plotting the eigenvalue variation loci of system matrix. The system parameters and equilibrium point are listed in Table 1 in Appendix. Taking the active and reactive droop control coefficients, the bandwidth of BPF and the load resistance as variables, the locus of the eigenvalue λ i (i = 1, 2, 3, . . . , 9, 10) can be plotted to predict the dynamic performance and stability of system. Specifically, the damping ratio of system is represented by the symbol ζ , and ζ = −cos( λ i ). It is noteworthy that the system stability is mainly related to the eigenvalues near imaginary axis, and the damping ratio of system is dominated by the eigenvalues closed to real axis [40] , [41] .
A. EIGENVALUE ANALYSIS UNDER ACTIVE DROOP CONTROL COEFFICIENT VARIATIONS
In this subsection, the eigenvalues sensitivity to active droop control coefficient m p is investigated. When m p is changed from 0.0001 to 0.05, three typical values of f ch are selected, i.e., 1 Hz, 3 Hz, 4 Hz, and the rest of system parameters remain unchanged. The eigenvalue loci of system matrix are shown in Fig. 4 .
As shown in Fig. 4 , no eigenvalues are located in right half plane, which manifests a stable system is obtained in the variation range of m p . However, when f ch is a certain value, the stability margin of system is decreased as m p increases. In addition, from Fig. 4 (a)∼(c), λ 5 , λ 6 , λ 7 and λ 8 travel away from the real axis when enlarging f ch , which indicates the damping ratios of corresponding response components are continuously reduced. Note that, the damping ratio of system is dominated by two pairs of unequal negative real roots (λ 3 and λ 10 , λ 4 and λ 9 ) moved along the real axis, which is decreased with the improved dynamic performance of system.
B. EIGENVALUE ANALYSIS UNDER REACTIVE DROOP CONTROL COEFFICIENT VARIATION
In this part, the eigenvalue loci are shown in Fig. 5 when the reactive droop control coefficient n q is varied from 0.0001 to 0.05. Simultaneously, three different active droop control coefficients m p are taken into account. It can be seen that, the system is stable since the all eigenvalues are in the left half plane. However, in case of a certain m p , the stability margin of system is gradually reduced as the n q enlarges. Besides, from Fig. 5 (a)∼(c), λ 5 , λ 6 , λ 7 and λ 8 move away from the real axis when enlarging m p , which represents the partial response components of system. Similarly, the dynamic response of overall system is mainly related to the eigenvalues closed to real axis. Consequently, the system is overdamped and the damping ratio is decreased according to the variation loci of two pairs of eigenvalues (λ 3 and λ 10 , λ 4 and λ 9 ).
C. EIGENVALUE ANALYSIS UNDER CUTOFF FREQUENCY VARIATIONS OF HIGH-PASS FILTER
Taking three different values of the cutoff frequency f cl of LPF, simultaneously, when the cutoff frequency f ch of HPF is varied from 1 Hz to 3 Hz, the eigenvalue loci of the system matrix can be obtained as shown in Fig. 6 . Similarly, no eigenvalues lie in the right half plane in Fig. 6 , in which case the system is also stable. From Fig. 6 (a)∼(c), when f cl is a certain value, λ 5 , λ 6 , λ 7 and λ 8 move away from the real axis as f ch enlarges. However, if the value of f cl of group changing is larger, the terminus of eigenvalues λ 5 , λ 6 , λ 7 and λ 8 are closer to the real axis. Finally, λ 5 , λ 6 , λ 7 and λ 8 move on the real axis when ω cl = 7 Hz. It is noteworthy that, most of the eigenvalues travel away from the imaginary axis apart from λ 1 and λ 2 , which shows that the attenuation of the corresponding exponential component is gradually accelerated, i.e., the time-domain response of the system is increasingly fast.
D. EIGENVALUE ANALYSIS UNDER LOAD RESISTANCE VARIATIONS
This subsection studies the eigenvalues sensitivity to the load resistance R load . When the load resistance is changed from 2 to 40 , three different m p , i.e., 0.0001, 0.001, 0.05, are simultaneously chosen. Sequentially, the eigenvalue loci of system matrix are illustrated in Fig. 7 .
In Fig. 7 , the system is still stable owing to no righthalf-plane eigenvalues. With the increase of m p , λ 5 , λ 6 , λ 7 and λ 8 travel away from real axis, which demonstrates the dynamic performance of corresponding response components is enhanced. Specifically, two pairs of eigenvalues (λ 3 and λ 10 , λ 4 and λ 9 ) on real axis dominate the dynamic performance of system, and the damping ratio of system is reduced as load resistance R load increases, with an overdamped system.
It can be concluded from the above eigenvalue analysis, the BPF-controlled microgrid system exhibits slow dynamic response performance due to its overdamped characteristics. In order to guarantee fast dynamic response, a relatively large value of m p and n q should be selected, a relatively large frequency bandwidth of BPF should be chosen, and a slightly large load resistance is more suitable.
IV. SIMULATION AND EXPERIMENT RESULTS
In this Section, the dynamic performance of the microgrid system is verified by simulation results, and the feasibility of BPF-based droop control method in single-phase microgrid is further validated by experiment results. The adopted system parameters are listed in Table 1 in Appendix. 
A. SIMULATION RESULTS
By incorporating an extra load resistance (Load 2) at t = 2 s, the dynamic performance of the microgrid system with BPF-based droop control is investigated in this subsection. Fig. 8 shows the simulation results in case of different active droop control coefficients. Before t = 2s, the load 1 of 10 is connected, and the load 2 of 10 is parallel connected at t = 2s. In Fig. 8(a)∼(c) , the voltage amplitude and frequency are restored after load step change. Besides, as the m p increases from 0.0001 to 0.05, the dynamic response of inverters is increasingly fast from Fig. 8(a)∼(c) , where the response time is deceased from 1.6s to 1.3s, since large droop control coefficients correspond to deep degree of adjustment, thereby the regulation time is shorter. Moreover, the drop depth of voltage amplitude is increasingly reduced from about 0.7V to 0.4V. However, the drop depth of frequency is continuously increased from about 0.02Hz to 0.4Hz.
1) DIFFERENT ACTIVE DROOP CONTROL COEFFICIENTS

2) DIFFERENT REACTIVE DROOP CONTROL COEFFICIENTS
In Fig. 9 , the condition of load step change is consistent with that of Fig. 8 , and the voltage amplitude and frequency can be restored to the rated value after load step change. From Fig. 9 (a)∼(c), the dynamic response time of the system is increasingly decreased from 0.7s to 0.5s as n q enlarges from 0.0001 to 0.05, which verifies the correctness of the theoretical analysis. Moreover, the drop depth of voltage amplitude is increased form 0.0001V to 0.05V, and the drop depth of frequency is almost unchanged.
3) DIFFERENT BANDWIDTH OF BPF
In Fig. 10 , the condition of load step change is consistent with that of Fig. 8 . From Fig. 10(a)∼(b) , the frequency bandwidth f BW of BPF is increased from 3Hz to 5Hz. As seen in Fig. 10 , the deviations of voltage amplitude and frequency can be restored in the selected parameters range, and the dynamic response is increasingly fast as the f BW enlarges from Fig. 10(a)∼(c) , where the response time is decreased from 1.3s to 0.9s. In addition, the drop depth of voltage amplitude is continuously reduced from about 0.7V to 0.5V, and the drop depth of frequency is diminished from about 0.06Hz to 0.004Hz. Therefore, a relatively large bandwidth of BPF in the varied range should be selected for fast dynamic response and low drop depth.
4) DIFFERENT LOAD RESISTANCES
In Fig. 11 , different initial load 1 are connected before t = 2s, and the load 2 is parallel connected at t = 2s. As shown in Fig. 11(a)∼(b) , the dynamic response time is continuously reduced from 0.8s to 0.6s as load resistance increases. In addition, the drop depth of voltage amplitude is increasingly diminished from 0.01V to 0.0008V, and the drop depth of frequency is increasingly reduced from 0.06Hz to 0.004Hz. Hence, the simulation results demonstrate that a slightly large load resistance is more suitable for parameters selection, which is consistent with the eigenvalue analysis.
B. EXPERIMENTAL RESULTS
In this subsection, a down-scaled experimental setup is utilized to further verify the feasibility of BPF-based droop control method in single-phase microgrid, as shown in Fig. 12 .
The DC-link voltage of two LCL-type full-bridge singlephase inverters are provided by programmable DC power supplies, where the load-side filter inductor is utilized to simulate the inductance X t of long transmission lines. The control algorithm is implemented in TMS320F28335, and the load is linear resistance. Figs. 13 and 14 show the experimental waveforms of conventional and BPF-based droop control methods, respectively, when the common load is abruptly changed. The waveforms from top to bottom are the capacitor voltages of Inverter 1 and Inverter 2, the load voltage, and the load current.
1) CONVENTIONAL DROOP CONTROL
In Fig. 13(a) , the initial load 1 of the system is 10 , then the load 2 of 10 is sequentially parallel-connected with the initial load. The dotted lines in Fig. 13 represent the load step change instant. Consequently, the load voltage is significantly dropped, and it cannot be restored for a while. In Fig. 13(b) , the initial load of system is paralleled by two 10 resistances, and the load 2 is subsequently disconnected. As shown in Fig. 13(b) , the load voltage is obviously rising after load step change, and it is also deviated from the reference value. Therefore, the load voltage error caused by the load step change cannot be well restored by the conventional droop control strategy.
2) BPF-BASED DROOP CONTROL
In Fig. 14(a) , the load voltage and capacitor voltage of two inverters are still maintained at the rated value after incorporating a 10 resistance, and the load current is evidently enlarged. Conversely, the load current is obviously reduced after load 2 disconnected in Fig. 14(b) , with the invariable load voltage. Hence, the feasibility of the BPF-based droop control scheme in the islanded single-phase microgrid is confirmed by comparing the experimental results shown in Figs. 13 and 14 . After the load is changed, the output voltage deviation of the inverter can be restored to the nominal value by applying the BPF-based droop control method.
V. CONCLUSION
In this paper, the BPF-based droop control is first extended to single-phase microgrid with SRF voltage control loop to achieve deviation restoration, which is universal and scalable both in the single-phase and three-phase microgrid. More importantly, any communication lines and extra control loops are not required in comparison with secondary control, which improves the reliable operation of system. Besides, the reduced-order state-space model of the system is subsequently derived by neglecting internal fast states (inner control loops and LC filters) of inverters. The small-signal stability of system is analyzed in case of shifted system parameters based on the eigenvalues loci of system matrix, which shows good stability, robustness and overdamped characteristics under a large variation range of control parameters. The dynamic performance of the system is enhanced with the increase of the active and reactive droop control coefficients, the bandwidth of BPF and the load resistance. Finally, the simulation results are provided to verify the effectiveness of eigenvalue-based theoretical analysis, and the feasibility of the BPF-based improved droop control scheme in single-phase microgrid controlled in hybrid frame is further validated by experimental results.
APPENDIX
The system parameters and equilibrium point are listed as follows:
The state vector is defined as
The system state matrix is derived as (A-2), as shown at the bottom of this page.
The elements in the matrix A is presented as: 
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